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Abstract
Under the assumption of hierarchical right-handed neutrino masses, masses of right-
handed neutrinos must be larger than 108GeV in the standard thermal leptogenesis
scenario, while the mass can be reduced to around 5TeV in a neutrinophilic two Higgs
doublet model. On the other hand, resonant leptogenesis can work with the masses
of TeV scale. However, necessary degeneracy between the lightest and the second-
lightest right-handed neutrino masses means unnatural fine-tuning of the order of 109.
In this paper, we will investigate the resonant leptogenesis scenario in a neutrinophilic
two Higgs doublet model. We will find the mass can be reduced to 2 TeV, and the
degeneracy becomes much milder as of the order of 104.
1 Introduction
In modern cosmology and particle physics, one of the important open problems is the
origin of the baryon asymmetry in the Universe (BAU). Many kinds of models have been
proposed in order to solve this problem; however, we do not know which model is true. The
thermal leptogenesis scenario [1, 2] is an attractive candidate to explain the BAU, in which
the simplest model introduces only right-handed heavy Majorana neutrinos in addition to
the standard model (SM) [3]. Their CP -violating interactions make a lepton asymmetry
during their out-of-thermal equilibrium, and, through the sphaleron process, a part of the
lepton asymmetry turns into the baryon asymmetry. This simple procedure requires that
the right-handed neutrino mass is larger than 108GeV [4, 5].
On the other hand, when the lightest and second-lightest right-handed neutrino masses
are closely degenerate, the CP asymmetry is enhanced by a self-energy of the right-handed
neutrinos. Thanks to the large CP asymmetry, so-called resonant leptogenesis [6] can
explain the BAU even with the TeV-scale mass. We might have a chance to detect a
TeV-scale new particle in collider experiments, such as the LHC and International Linear
Collider [7, 8]. However, in the resonant leptogenesis, the mass degeneracy needs unnatural
fine-tuning of O(109).
In order to explain the tiny neutrino masses in a novel approach, a new class of two
Higgs doublet models (THDMs), so-called neutrinophilic THDMs, has been suggested [9]-
[24]. The collider phenomenology of these models is studied in Refs. [15]-[18]. This model
introduces an additional Higgs doublet, which has Yukawa interactions only with neutrinos.
A vacuum expectation value (VEV) of the additional Higgs, vν , is expected to have a much
smaller energy scale compared to the SM Higgs doublet. This tiny VEV is an origin of
the tiny neutrino masses without tiny couplings of neutrino Yukawa interactions. It plays
a crucial role in a low-energy thermal leptogenesis as shown in Ref.[24], where it was
shown that, around 5TeV, mass of the right-handed neutrino can realize the suitable BAU.
Note that from the measurement of flavor-changing neutral current, the neutrino Yukawa
couplings should be smaller than 10−3; correspondingly, vν should be larger than 0.1GeV
for the right-handed neutrinos with TeV-scale mass.
In this paper, we will investigate the resonant leptogenesis scenario in a neutrinophilic
THDM. We will find the masses of right-handed neutrinos can be reduced to 2 TeV, where
the degeneracy becomes much milder as of order O(104).
2
2 Brief review of neutrinophilic THDM and leptoge-
nesis
In this section, we review the neutrinophilic THDM and leptogenesis briefly.
2.1 Neutrinophilic THDM
Here, we review the neutrinophilic THDM [9], in which an additional Higgs doublet Φν and
a discrete Z2 parity are introduced. Their properties are assigned as Table 1. Under the
discrete symmetry, Yukawa interactions are given by
−Lyukawa = y
uQLΦUR + y
dQLΦ˜DR + y
lLLΦER + y
νLLΦνN +
1
2
MN cN + h.c. , (1)
where Φ˜ = iσ2Φ
∗, y’s are Yukawa couplings, and M shows masses of the right-handed
neutrinos. Here, we omit the generation indices. Notice that new Higgs doublet gives
only neutrino Dirac masses. Two different Higgs doublets, Φ and Φν , are expected to have
the nonzero VEVs, denoted by v and vν (with v > vν), respectively. The masses of light
neutrinos are given by
mij =
∑
k
yνikvνy
νT
kjvν
Mk
. (2)
The neutrino Yukawa coupling, yν, can be larger than the ordinary seesaw mechanism,
which makes the leptogenesis scenarios work in the TeV scale, as we will show below.
Fields Z2 parity Lepton number
SM Higgs doublet, Φ + 0
New Higgs doublet, Φν − 0
Right-handed neutrinos, N − 1
Others + ±1: leptons, 0: quarks
Table 1: Fields content of the neutrinophilic THDM.
2.2 Thermal leptogenesis
To explain the baryon asymmetry in the Universe, three conditions are required [25]: B-
violating interaction, C and CP violation, and an out-of-thermal equilibrium process. Ther-
mal leptogenesis easily satisfies the three conditions by introducing heavy right-handed Ma-
jorana neutrinos: an L-violating interaction of the right-handed Majorana neutrinos, CP
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violating Yukawa interactions, and nonequilibrium decay due to the expansion of space.
Through the sphaleron process, a part of the lepton asymmetry turns into the baryon
asymmetry. We can estimate the B − L asymmetry by solving the Boltzmann equations
[4, 26]. In the simplest case, in which we take the only lightest right-handed neutrino into
account, the Boltzmann equations are given by
dNN1
dz
= −(D + S) (NN1 −N
eq
N1
) , (3)
dNB−L
dz
= ε1D (NN1 −N
eq
N1
)−W NB−L , (4)
where z = M1/T , M1 is the mass of the right-handed neutrino and T is the temperature
of the Universe. The number density of the right-handed neutrino NN1 and the amount of
B−L asymmetry NB−L are normalized in comoving volume, which contains one photon at
temperatures T ≫ M1, so that the relativistic equilibrium N1 number density is given by
N eqN1(z ≪ 1) = 3/4. D denotes the contribution of N1 decays and inverse decays. S denotes
the contribution of ∆L = 1 scatterings, mainly from top quark and gauge bosons. W is the
washout term, which contains the contribution of inverse decay, ∆L = 1 scatterings, and
∆L = 2 processes mediated by right-handed neutrinos. To keep our discussion conservative,
we consider cases in which sufficient baryon asymmetry can be produced without relying on
flavor effects, while the flavor effects can enhance the produced lepton asymmetry [27]-[30].
Using the Hubble expansion rate H and interaction rates Γ’s, the contributions are
written by D = ΓD/(H z), S = ΓS/(H z), and W = ΓW/(H z), respectively. D and S
depend on the effective neutrino mass [31], defined as
m˜1 ≡
(yν† yν)11v
2
M1
, (5)
where yν is the neutrino Yukawa coupling and v = 174GeV is the Higgs vacuum expectation
value. We define the decay parameter as
K1 =
ΓN1
H(T =M1)
=
m˜1
m∗
, (6)
which represents whether N1 decays are in equilibrium at T =M1 or not. Here, ΓN1 is the
N1 decay width, and m∗ is the equilibrium neutrino mass, defined as
m∗ ≡
√
8 pi3 g∗
90
8piv2
MPl
≃ 1.08× 10−3 eV , (7)
where g∗ is the total number of degrees of freedom, and MPl = 1.22 × 10
19GeV is the
Planck mass.
4
To solve the Boltzmann equations [(3) and (4)], we assume the initial number density
of NB−L is zero. Then, we can get NB−L(z) =
3
4
ε1κ(z) [32], where ε1 is the CP asymmetry,
and κ is the efficiency factor [33]. Finally, considering a dilution factor that is calculated by
the difference of g∗ and a conversion from lepton asymmetry to baryon asymmetry through
sphaleron process [34], we obtain the final baryon asymmetry as
ηB ≃
86
2387
28
79
NB−L ≃ 0.96× 10
−2 ε1 κf , (8)
where κf = κ(∞).
On the other hand, the present baryon-to-photon ratio of the number density has been
measured by Wilkinson Microwave Anisotropy Probe [35] as
ηCMBB = 6.19× 10
−10 . (9)
Equation (8) should be compared with this observed value.
2.3 Resonant leptogenesis
Next, we review the resonant leptogenesis [6]. CP asymmetry is considerably enhanced
through the mixing of two closely degenerate right-handed neutrinos Ni (i = 1, 2). As a
result, the lepton asymmetry produced by Ni decays is enhanced, and the leptogenesis can
work even by light Ni with O(1)TeV masses.
The CP asymmetry is given by [36, 37]
εi =
Γ(Ni → LΦ) − Γ(Ni → LΦ
∗)
Γ(Ni → LΦ) + Γ(Ni → LΦ∗)
≃
Im (yν† yν)2ij
(yν† yν)ii (yν† yν)jj
m˜jMj
8piv2
MiMj
M2i −M
2
j
, (10)
where i, j = 1, 2 (i 6= j) and the last factor expresses a mass degeneracy of two right-handed
neutrinos. For M1 < M2, we define
dN ≡
M1M2
M22 −M
2
1
. (11)
When M2 − M1 is small, dN is large; that is, εi is large. Notice that small M2 − M1
means fine-tuning. The absolute value of the first factors composed of Yukawa couplings
is less than unity, so we define them as sin δ1 and − sin δ2, respectively. Then, the CP
asymmetries are given by
ε1 ≃ −
m˜2M2
8piv2
dN sin δ1 , (12)
ε2 ≃ −
m˜1M1
8piv2
dN sin δ2 . (13)
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The larger dN is, the larger both ε1 and ε2 are. For M1 ≃ M2, the difference between
Eqs. (12) and (13) almost depends on the effective neutrino masses, m˜1 and m˜2.
Because of the large CP asymmetries, the resonant leptogenesis can work with the right-
handed neutrinos having TeV-scale masses, while the degeneracy needs terrible fine-tuning
of O(109) in an ordinary resonant leptogenesis. It is a disadvantage with the model.
3 Resonant leptogenesis in the neutrinophilic THDM
Now, let us investigate the leptogenesis in the neutrinophilic THDM. In the neutrinophilic
THDM, the Boltzmann equation for the lepton asymmetry L ≡ l − l¯ is given by
n˙L + 3HnL
= γ(N → lΦν)− γ(N → l¯Φ
∗
ν)
−{γ(lΦν → N)− γ(l¯Φ
∗
ν → N)} : decays and inverse decays
−γ(lA→ NΦν) + γ(l¯A→ NΦ
∗
ν)− γ(Nl → AΦν) + γ(Nl¯ → AΦ
∗
ν)
−γ(lΦν → NA) + γ(l¯Φ
∗
ν → NA) : s- and t-channel ∆L = 1 scatterings
+γ(l¯l¯ → Φ∗νΦ
∗
ν)− γ(ll → ΦνΦν)
+2{γ′(l¯Φ∗ν → lΦν)− γ
′(lΦν → l¯Φ
∗
ν)} : s- and t-channel ∆L = 2 scatterings
= εΓD(nN − n
eq
N )− ΓWnL , (14)
where we omit the generation indices. Φν and A denote the neutrinophilic Higgs bosons
and gauge bosons, respectively. γ terms describe the change of the number densities due
to the corresponding interactions. Here γ′ terms are the same as γ terms up to additional
subtraction of the real right-handed neutrinos mediated scattering processes. The washout
rate is given by
ΓW =
1
2
neqN
neql
ΓN +
nN
neqN
Γ∆L=1,s + 2Γ∆L=1,t + 2Γ∆L=2. (15)
If the initial nB is zero, the solution of the equation nL is equal to −nB−L, and Eq. (14)
reduces to Eq. (4).
Note that we take the maximal contribution of the ∆L = 2 processes as a upper bound
of the washout rate, Eq. (15). For T < M1, the decoupling condition is given by [24]
∑
i
(∑
j
yνijy
ν
ji
†v2ν
Mj
)2
< 32pi3ζ(3)
√
pi2g∗
90
v4ν
TMP
. (16)
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Thus, the ∆L = 2 washout processes are more significant for lower vν . The above inequality
gives the lower bound on vν in order to avoid too strong a washout. We will use this bound
for the numerical results.
4 Numerical analyses
Before solving the Boltzmann equations, we recall the condition of the out-of-equilibrium
decay. Using the decay parameter, Eq. (6), the condition K1 < 1 becomes
m˜1 < m∗
(vν
v
)2
. (17)
Notice that there is an additional factor, (vν/v)
2, in the neutrinophilic Higgs model. When
we concentrate on the case vν ≪ v, the effective neutrino masses are given by
m˜1 ≃ 0 eV, (18)
m˜2 ≃
√
∆m221 ≡ msol ≃ 8.6× 10
−3 eV . (19)
Then, the CP asymmetry Eqs. (12) and (13) are given by
ε1 ∼ −
m˜2M2
8piv2ν
dN sin δ1 = −
y2ν
8pi
dN sin δ1 , (20)
ε2 ∼ 0 , (21)
where y2ν denotes (y
ν†yν)22 . Using these parameters, we solve the Boltzmann equations.
We will show the results of numerical calculations below.
We consider a scenario with two nearly degenerate right-handed neutrinos N1,2, for
which the masses are a few TeV, and neglected N3, for which the mass is much heavier
than N1,2 . We will show the following three dependences: (1) the neutrino Yukawa coupling
yν dependence of the final baryon asymmetry ηB, (2) the neutrinophilic Higgs VEV vν
dependence of the CP asymmetry ε1 and the minimum degeneracy of right-handed neutrino
masses dNmin, and (3) the right-handed neutrino mass M1 dependence of ηB and dN .
At first, let us show the solution of the Boltzmann equations. Figure 1 shows the evo-
lution of the lepton asymmetry for M1 = 2TeV without a sphaleron effect. The generation
of the lepton asymmetry is completed at around zfin ≃ 20. The sphaleron process ceases at
zsph = M1/Tsph ≃ 20, because the electroweak symmetry breaking takes place around 100
GeV, and we may consider Tsph ≃ 100GeV. If zfin is smaller than zsph, before the sphaleron
process ceases, NB−L is frozen out, which is shown as the plateau in Fig. 1. Note that a
low-energy leptogenesis such as O(100)GeV includes two different types of uncertainties
7
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Figure 1: Time evolution of NB−L with ε1 = −1, M1 = 2TeV, yν = 10
−4, and K1 = 10
−2.
The dashed, dotted, and solid lines correspond to N1, N2, and NB−L, respectively.
about the sphaleron process. One is that the relation zfin ≤ zsph is usually not satisfied for
small M1. So, NB−L is not frozen out while the sphaleron process is active, which leads the
final production of the lepton asymmetry to be unclear. The other is about the condition of
whether the sphaleron process is really in thermal equilibrium, which is roughly expressed
by H(Tsph) . ΓN1 = K1H(T =M1) and rewritten as
K1 &
H(Tsph)
H(T =M1)
=
(
Tsph
M1
)2
. (22)
We find K1 & 2.5×10
−3 forM1 = 2TeV. It means that, for K1 & 2.5×10
−3, the sphaleron
process completely works, and the lepton asymmetry turns into baryon asymmetry accord-
ing to the relation NB = (28/79)NB−L. On the other hand, for K1 . 2.5×10
−3, the validity
of using the relation is unclear. In this paper, we do not carefully treat these uncertainties
so much, while it could be a crucial point for low-scale thermal leptogenesis. Notice that,
in the M1 = 2TeV case, the resultant lepton asymmetry at K1 = 10
−2 is not affected by
these uncertainties.
Figures 2(a) and 2(b) show the yν dependence of the final baryon asymmetry, ηB(z ≫ 1)
with ε1 = −1. Here, ηB(z ≫ 1) means that we consider the lepton asymmetry, which is
frozen out. As discussed above, when M1 is small as O(100)GeV, ηB(z ≫ 1) is changeful.
To explain the BAU, at least ηB with ε1 = −1 should be larger than η
CMB
B because ηB is
almost proportional to ε1, and the absolute value of ε1 is less than unity. So, if ηB with
ε1 = −1 is larger than η
CMB
B , the observed baryon asymmetry can be always reproduced by
taking ε1 to the smaller value. In Fig. 2(a), as yν is large, the baryon asymmetry extremely
decreases between K1 = 0.01 and K1 = 0.1 and survives some constant value for K1 > 1,
8
0.001 0.01 0.1 1 10 100 1000
10-12
10-10
10-8
10-6
10-4
0.01
1
K1
Η
B
(a) K1 dependence of ηB with 10
−3 ≤ K1 ≤ 10
3
10-6 10-4 0.01 1
10-12
10-10
10-8
10-6
10-4
0.01
1
K1
Η
B
(b) K1 dependence of ηB with 10
−6 ≤ K1 ≤ 10
Figure 2: ηB(z ≫ 1) with ε1 = −1 and M1 = 2TeV. The solid, dashed, dotted-dashed, and
dotted lines correspond to yν = 10
−7, 10−6, 10−5, and 10−4, respectively. Here, (a) contains
all, while (b) does not contain yν = 10
−7. The red thick-dashed line shows the observed
value, ηCMBB = 6.19× 10
−10.
except yν = 10
−7. When yν is smaller than 10
−7, the results is nearly the same as an
ordinary resonant leptogenesis.
The behavior shown in Fig. 2(a) is caused by an N2 washout effect, which becomes
stronger as yν is large. Here, we have to remind the reader that we use the condition of
the out-of-equilibrium decay, K1 < 1, where ε2 ∼ 0. For a non-negligible ε2, ηB at K1 = 1
is larger than the value shown in Fig. 2(a) by a O(1) factor. Figure 2(b) shows the same
lines (without the line of yν = 10
−7) as Fig. 2(a) in the lower region of K1, where all lines
represent that enough baryon asymmetry is produced at least for K1 & 2× 10
−6. We find
that this bound corresponds to 10−15 eV < m˜1 < 10
−8 eV for yν = 10
−4 (illustrated by
shaded region), for which the upper bound is determined by K1 < 1. This small m˜1 means
that the degenerate mass spectrum of active neutrinos is disfavored, which is the same as
the ordinary resonant leptogenesis.
Figure 3(a) shows ε1, which agrees with the BAU, and Fig. 3(b) shows the minimum of
dN defined as Eq. (11) for the neutrinophilic Higgs VEV, vν . From Eq. (12), we obtain the
inequality
dN & −ε1
8piv2ν
m˜2M2
. (23)
Fitting the value of ε1, that is, taking ηB(z ≫ 1) = η
CMB
B , we obtain the minimum of dN ,
which is denoted by dNmin. In Fig. 3(a), ε1 is almost proportional to the v
−2
ν for K1 & 0.1.
In Fig. 3(b), dNmin is nearly constant around 10
8 for K1 & 0.1. Here, dN = 10
9 is a typical
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(a) vν dependence of ε1
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Figure 3: vν dependence of (a) ε1 and (b) dNmin, with M1 = 2TeV. ε1 is obtained by
ηB(z ≫ 1) = η
CMB
B . The numerical results are shown by the solid, dashed, dotted-dashed,
dotted-dotted-dashed, and dotted lines, which correspond to K1 = 10
−4, 10−3, 10−2, 10−1,
and 1, respectively. The red thick-dashed line shows the degeneracy of an ordinary resonant
leptogenesis such as dN = 10
9.
value of the degeneracy in the ordinary resonant leptogenesis. For K1 . 0.01, ε1 is almost
constant; correspondingly, dNmin is almost proportional to the v
2
ν .
Note that the relation dN ∝ v
2
ν is a unique behavior in the neutrinophilic THDM
because vν is the unique parameter in the model, while the VEV, which provides the Dirac
neutrino mass, is fixed by the SM Higgs VEV. Thanks to the behavior, we obtain the
minimum of the mass degeneracy such as O(104) for small vν . When vν is smaller than
1GeV (correspondingly, yν is larger than 10
−4), we can obtain the smaller value of dN . But,
from the measurement of the flavor-changing neutral current, yν > 10
−3 (vν < 0.1GeV) has
been ruled out. And, it was shown that, when we include the contribution of the ∆L = 2
processes in the Boltzmann equations, vν < 0.3GeV is washed out for M1 = 2TeV [24].
So, we need not consider the small vν such as 0.1GeV (large yν such as 10
−3).
Finally, we check the dependence on the right-handed neutrino mass. The M1 depen-
dence of ηB is shown in Fig. 4. In the figure, for K1 . 0.01, there is almost no difference,
while for K1 & 0.1, there is much difference. For each of them, the mass dependence of
the minimum degeneracy are shown in Figs. 5(a) and 5(b). Notice that dNmin is almost
constant for K1 = 0.01 in Fig. 5(a), while dNmin is nearly proportional to M1 for K1 = 0.1
in Fig. 5(b). In the latter case, dNmin becomes smaller as M1 becomes large. We obtain the
lowest value of the degeneracy from the former case due to the small ε1.
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Figure 4: M1 dependence of ηB. Here ηB is estimated with ε1 = −1 and yν = 10
−4. The
solid, dashed and dotted lines correspond toM1 = 500GeV, 1TeV, and 2TeV, respectively.
The red thick-dashed line shows the observed value, ηCMBB = 6.19× 10
−10.
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(a) M1 dependence of dNmin for K1 = 0.01
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Figure 5: M1 dependence of dNmin for (a)K1 = 10
−2 and (b)K1 = 10
−1. The solid, dashed,
and dotted lines correspond to yν = 10
−6, 10−5, and 10−4, respectively. The red thick-
dashed line shows the degeneracy of an ordinal resonant leptogenesis such as dN = 10
9.
As a summary, we show rough values of dNmin and m˜1 for each yν in Table. 2. The
bounds for m˜1 are given by the TeV-scale mass of right-handed neutrinos. Note that the
yν = 10
−7 case almost corresponds to the ordinal resonant leptogenesis scenario.
The observed neutrino mass differences and mixing angles can be reproduced by taking
suitable masses and Yukawa couplings of the right-handed neutrinos. We can easily take its
parameter set, which is not constrained by the LHC experiment. It is because right-handed
neutrinos are gauge singlets and have too small a mixing with left-handed neutrinos to be
11
Order of dNmin Order of bound for m˜1
yν = 10
−4 104 10−15 eV ∼ 10−8 eV
yν = 10
−5 106 10−15 eV ∼ 10−6 eV
yν = 10
−6 108 10−15 eV ∼ 10−4 eV
yν = 10
−7 109 10−15 eV ∼ 10−2 eV
Table 2: Values of dNmin and m˜1 for each yν .
observed by a direct detection. Actually, the charged Higgs boson, which is composed
almost of neutrinophilic Higgs, could be observed at the LHC in the particular set of
parameters, such as a case in which the right-handed neutrinos are heavier than the charged
Higgs boson [18]. But it depends on the charged Higgs mass, which is beyond the contents
of our paper.
5 Summary and discussions
We have studied the resonant leptogenesis in the neutrinophilic THDM. Although usual
thermal leptogenesis requires the right-handed neutrino mass to be larger than 108GeV,
the neutrinophilic THDM can reduces the mass to around 5TeV [24]. On the other hand,
resonant leptogenesis works with the masses of O(1)TeV; however, the degeneracy between
the lightest and the second-lightest right-handed neutrino masses requires unnatural fine-
tuning of O(109). In this paper, we have shown the resonant leptogenesis works with the
right-handed neutrino masses of 2TeV in the neutrinophilic THDM, where the fine-tuning
of the mass degeneracy can be much smaller as O(104).
Finally, we comment on how small we can take the masses of right-handed neutrinos.
If we consider the low-energy thermal leptogenesis of O(100)GeV, we have to mind two
conditions about a sphaleron process: (1) whether or not the lepton asymmetry is frozen
out before the sphaleron process is finished and (2) whether or not the sphaleron process is
in thermal equilibrium. If both answers are positive, we do not have a problem. If not, we
must treat an uncertainty, and when the right-handed neutrino masses are of O(100)GeV,
the model usually contains this uncertainty. Thus, if we consider the thermal leptogenesis
of O(100)GeV, we must estimate carefully. This is why we took the result that the right-
handed neutrino masses are 2TeV.
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